Necrotizing enterocolitis (NEC) characterized by inflammatory intestinal necrosis is a major cause of mortality and morbidity in newborns. Deep RNA sequencing (RNA-Seq) has recently emerged as a powerful technology enabling better quantification of gene expression than microarrays with a lower background signal. A total of 10 transcriptomes from 5 pairs of NEC lesions and adjacent normal tissues obtained from preterm infants with NEC were analyzed. As a result, a total of 65 genes (57 down-regulated and 8 upregulated) revealed significantly different expression levels in the NEC lesion compared to the adjacent normal region, based on a significance at fold change ≥ 1.5 and P ≤ 0.05. The most significant gene, DPF3 (P < 0.001), has recently been reported to have differential expressions in colon segments. Our gene ontology analysis between NEC lesion and adjacent normal tissues showed that down-regulated genes were included in nervous system development with the most significance (P = 9.3 × 10 −7
INTRODUCTION
Necrotizing enterocolitis (NEC) characterized by intestinal ischemia and necrosis is one of the most common gastrointestinal emergencies in premature infants with very low birth weights (VLBWs), i.e., those who weigh less than 1,500 g (1) (2) (3) . NEC affects about 5%-14% of VLBW neonates. Since NEC is a life-threatening gastrointestinal disease and an unpredictable surgical emergency, the overall mortality from NEC is high, ranging from 25% to 40% (4, 5) . Many researchers have tried to determine the precise pathophysiology of NEC by examining the various mechanisms that influence NEC development, such as the interaction between intraluminal microbiology and enteral nutrition and the change in inflammatory response by proinflammatory cytokines (6) (7) (8) (9) (10) (11) . Although several studies have been conducted and their associated hypotheses tested, substantial evidence to confirm risk factors (and effective therapies) for NEC has yet to be determined (12, 13) , other than prematurity and low birth weight (14) .
Although several studies suggest that genetic factors affect NEC development in preterm infants with a potential susceptibility to NEC (15, 16) , the mechanisms underlying NEC are not fully understood. Previously, an NEC mice model has been used in many studies to establish the causes of or risk factors for human NEC due to several limitations in using human subjects, such as necrosis of human intestinal tissues and nonspecific inflammatory changes (17) . However, although the animal models contribute to our understanding of disease mechanisms, limitations of reliability and reproducibility make the use of such models controversial (18, 19) .
https://doi.org/10.3346/jkms.2017. 32.5.817 Since transcripts are crucial intermediaries between the genome and the proteome, the detection of global gene expression is an important method for understanding molecular mechanisms of diseases and specific functions of particular tissues. Although microarray-based gene expression analysis has become the primary high-throughput platform in the past decade, this method has certain limitations, including high background noise and low resolution (20) . Recently, RNA sequencing (RNASeq), using high-throughput next-generation sequencing methods, has become a powerful technology providing robust quantification of gene expression levels with a low background signal and high resolution (21, 22) .
MATERIALS AND METHODS

Study subjects
Study subjects were collected from Seoul National University Bundang Hospital, Gyemyoung University Dongsan Hospital, National Gyeongsang University Hospital, Donga University Hospital, and CHA University Bundang Hospital in Korea. The study protocol was approved by the institutional review board of the hospital, and written informed consent was provided by guardians of all patients. Premature infants at less than 32 weeks of gestational age and less than 1,500 g birth weight were enrolled in this study.
Two tissue sections (NEC lesion and adjacent normal regions) from the resected small bowel segment were collected as follows: 1) an NEC lesion that showed perforation or necrosis; and 2) adjacent normal tissue. Next, the tissues were immediately stored in liquid nitrogen until RNA extraction at −80°C; a portion of the tissues was evaluated by histological examination. Before RNA extraction, the mucosal layers of each tissue section were collected by the pediatric surgeon who performed the operation on the infants.
RNA isolation and quality control
Total RNA was extracted from the dissected tissue sections (NEC lesion and adjacent normal regions) with the Nucleo-Spin-RNA-II-Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's protocol. RNA integrity and purity were analyzed with the Experion TM automated electrophoresis system (Bio-Rad, Hercules, CA, USA) with the Experion RNA StdSens chip. The mRNA was extracted and purified from the total RNA with the TruSeq stranded mRNA HT sample preparation kit (Illumina, Inc., San Diego, CA, USA), and this was followed by a purity check with Qubit 2.0 fluorometer (Life Technologies, Waltham, MA, USA) before proceeding to cDNA synthesis. RNA-Seq and data analysis RNA-Seq was carried out in order to identify differentially expressed genes in the NEC lesion and adjacent normal tissues. The isolated mRNA from 4 μg total RNA using oligo-dT magnetic beads was fragmented and primed at 94°C for 8 minutes, and then prepared for sequencing according to the protocol of the TruSeq stranded mRNA HT sample preparation kit (Illumina, Inc. 
RESULTS
Patients
A total of 5 NEC patients, with median gestational ages of 26 weeks and 2 days, birth weight of 922 g, and birth height of 34.2 cm, were enrolled in this study. None of the patients showed other congenital anomalies in the perinatal period, and the mothers had no antenatal/perinatal problems except for premature delivery. The exploratory laparotomy was performed in the NEC patients at a median gestational age of 29 weeks and 1 day. The operations included a segmental resection with temporary ileostomy or primary anastomosis. All patients recovered from NEC and survived without complications. Following surgery, a histological examination of NEC lesion and adjacent normal tissues from the patients was performed (Fig. 1) .
RNA-Seq analysis and gene expression comparison
To investigate the gene expression profiles for NEC development in preterm infants, RNA-Seq analysis using the Illumina MiSeq system was performed. Mapping of sequences resulted in an average read count of 11.75 × 10 6 ( ± 4.36 × 10 6 ) in 10 RNA samples composed of those from 2 paired small-bowel sections (NEC lesion and adjacent normal tissues) from each of 5 NEC patients. Of the 23,972 tested genes, a total of 65 genes (57 downregulated and 8 up-regulated) were observed to have significantly different expression levels in the comparison between NEC lesion and adjacent normal tissues, based on a significance at fold change ≥ 1.5 and P ≤ 0.05 ( Corrected P value is obtained using the classical hypergeometric model (32) . NEC = necrotizing enterocolitis.
IV (CAMK4, P < 0.001) showed relatively robust association signals of upregulation, whereas downregulated genes showed weak signals (Table 1 ). In addition, 3 genes (PCP4, PTPRR, and WT1), which were recently reported as potential genes of NEC, were also observed to be differentially expressed in the NEC lesion (Table 1) .
Ontology and pathway analyses of differentially expressed genes in NEC
To assess the biological functions of the differentially expressed genes in NEC lesions and adjacent normal tissues, this study performed a gene ontology analysis using the WEB-based GEne SeT AnaLysis Toolkit (http://bioinfo.vanderbilt.edu/webgestalt/). As a result, 16 gene ontology categories (14 in biological processes and 2 in the cellular component) were predicted to affect NEC development in humans (Table 2) , with the most significant signal at nervous system development (P = 9.3 × 10 -7
; Pcorr = 0.0003). In additional pathway analysis using Pathway Express (http:// vortex.cs.wayne.edu/projects.htm) based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, genes involved in thyroid cancer and axon guidance showed significant associations (Table 3 , Pcorr = 0.008 and 0.02, respectively).
DISCUSSION
Acquired conditions of diffuse necrotic injury to the intestinal segments are known to affect NEC development. Abnormal bacterial colonization and formula feeding have also been implicated as predisposing factors for NEC in humans (23, 24) . In addition, potential associations between NEC and environmental factors (such as microbiome, microbiome-intestinal reaction to breast milk or formula milk feeding, vaginal or cesarean section mode of delivery, and antibiotics) have been reported (10, 11, (23) (24) (25) . Interestingly, a significant reduction of NEC in infants who were fed breast milk, compared to those who were fed formula, has been reported (26) . Thus, many neonatologists have gone to great effort to manage the microbiome to prevent NEC development. Many neonatologists in Korea have changed their management protocols for preterm infants and observed a decreased incidence of NEC during the last few years.
NEC development may be multifactorial with the interplay between intrinsic and extrinsic factors. In addition, the main risk factor for NEC development in premature infants is thought to be intestinal immaturity (23, 27) , suggesting that intrinsic risk factors may be more important because premature infants have had a short exposure time to external environments. In this study, we hypothesized that global gene expression profiling may reveal distinct genetic differences between NEC lesion and adjacent normal region. Although candidate genes in this study did not reach great values of significance, several potential genes (such as DPF3 and CAMK4) with relatively robust association signals were identified (P < 0.001). These markers may have a role in NEC development. However, further replication and evaluation studies are needed.
As noted, this study showed relatively robust association signals at DPF3 and CAMK4. DPF3, which is known as an epigenetic key factor for the development of heart and muscle tissue, has been reported to play a role in the neuronal differentiation process and also to take part in the disassembly of muscular fibers (28) . In the different colon segments of Hirschsprung's disease, the gene product of DPF3 has been observed to be lowly expressed in a stenotic segment, whereas it is highly expressed in proximal anastomosis (29) , suggesting that DPF3 may be dysregulated in colonic diseases such as NEC. In the case of CAMK4, although a direct association between CAMK4 and NEC has not been reported, several connections in the literature related to necrosis can be found. In particular, CAMK4 was observed to be involved in the necrosis factor (NF)-kappaB mediated signaling pathway in human endothelial cells (30) . These previous results and our findings suggest that dysregulated expressions of genes identified in this study may contribute to NEC development.
Recently, the first RNA-Seq for gene expression profiling in NEC was reported (31) . This first RNA-Seq study used ileum tissues from preterm patients with other diseases for the control, and several genes associated with immune functions (in particular, genes associated with Crohn's disease) were identified as contributing factors to NEC development, together with other candidate genes. When compared to our results, PCP4 and PT-PRR were overlapped; however, no connections in the literature related to NEC or related cellular functions (such as necrosis) could be found. Therefore, further studies are required to elucidate the association between these potential genes and NEC development.
So as to remove the heterogeneity of genetic background, this study excluded non-Korean parents. However, the study also has several limitations, such as insufficient sample size and lack of functional evaluation. The small sample size was due to the overall decreased incidence of NEC. In addition, normal tissues from the small bowel segment in infants without NEC or related diseases would have been ideal for the comparison analysis; however, it was limited to obtain these normal tissues. Although the first RNA-Seq analysis study of NEC used the ileum for the nor-https://doi.org/10.3346/jkms.2017.32.5.817 mal control (31) , this study used adjacent normal tissues, and we do not rule out the possible effect of congenital diseases (such as small intestinal perforation, intestinal atresia, etc.).
In conclusion, despite study limitations, our preliminary results have identified potential involvements of certain genes (such as DPF3 and CAMK4) in NEC development, suggesting that these genetic factors, perhaps together with epigenetic factors such as microbiomes and breast milk, may have a role in NEC development in humans. Further validation studies are needed to determine clinical applications of these potential targets.
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